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Delayed senescence in C. elegans
is controlled by an insulin
receptor-like gene which 
regulates both reproductive
development and metabolism in a
manner similar to the
corresponding mammalian
pathway. However, despite the
large number of insulin-like
ligands in C. elegans, only one
insulin receptor-like protein has
been identified. Sequence profile
searches were used to identify a
new family of putative insulin
receptor-like proteins specific to
C. elegans. These extracellular
proteins contain an atypical
ligand-binding domain and lack
the cytoplasmic protein kinase
domain.
Most receptor tyrosine kinases
(RTKs) are monomeric cell surface
receptors that bind various
ligands using an extracellular
domain and signal through the
cytoplasmic kinase domain [1]. In
contrast, mammalian insulin
receptors contain disulfide-linked
dimers of α and β chains, forming
an α2β2 heterotetramer [2];
extracellular α chains bind the
ligand, while membrane-spanning
β chains contain the kinase
domain on their cytoplasmic side.
In mammals, insulin signaling
operates in all cells and regulates
metabolic and developmental
changes [3]. In the nematode C.
elegans, a homolog of the
mammalian insulin receptor, DAF-
2, also regulates metabolism and
development [4]. In addition, the
lack of DAF-2 signaling and a
variety of stress conditions,
including oxidative damage,
starvation and crowding, increase
the longevity of C. elegans
similarly to the way caloric
restriction increases mammalian
life-span [5–7]. A recent study
identified 37 insulin-like peptides
in C. elegans [8], some of which
are known to signal through the
DAF-2 receptor. This finding
brought to prominence a disparity
between the large number of
insulin-like ligands and a single
known homolog of insulin
receptors in C. elegans.
PSI-BLAST searches [9] of the
non-redundant protein database
(National Center for Biotechnology
Information) were done with
sequences of ligand-binding
domains of various insulin
receptor-like proteins (e.g. residues
146–628 of DAF-2). The searches
were iterated until convergence,
using the expectation (E) value of
0.001 to include a sequence into
profile. New nematode proteins
were identified with statistically
significant E values even after the
first iteration (Figure 1A). The newly
identified proteins were used as
starting points in additional PSI-
BLAST searches and rounded up a
divergent family of 56 nematode
proteins. Overall, all proteins in this
family are similar to α chains of
mammalian insulin receptors and
related proteins, such as ectopic
domains of the type-1 insulin-like
growth factor receptor (IGF-R1) and
epidermal growth factor receptor
(Figure 1A). One notable difference
is that nematode proteins contain
the equivalent of two full
L-domains (L1 and L2), while the
intervening Cys-rich region is
much shorter and contains only
two conserved cysteines. Crystal
structure of the three ectopic
domains (L1-Cys-rich-L2) of IGF-R1
showed that L-domains fold as
right-handed β-helices, whereas
the furin-like Cys-rich domain is
composed of eight disulphide-
bonded segments [10]. The
predicted secondary structure [11]
of identified receptors agrees well
with secondary structure elements
from this crystal structure (data not
shown). Interestingly, no sequence
homologs of these proteins were
detected in D. melanogaster,
despite similarities in insulin
signaling networks between
nematodes and flies [12,13].
All identified proteins were
compared with the public
databases to find out if they
contain any other known domains.
Most proteins matched PFAM
database [14] entry PF01859,
which is annotated as a domain of
unknown function. In addition,
some of the tested proteins were
found to share a smaller domain
when compared with the ProDom
database [15]. Parts of the
sequences corresponding to this
domain were taken out and Gibbs
motif sampling [16] was used to
extract the most conserved parts.
Subsequently, the protein
database was scanned with these
conserved motifs, showing that
this domain is present exclusively
in about half the nematode
proteins described above, either
in one or two copies (Figure 1B).
According to the secondary
structure prediction [11], this part
of the protein consists exclusively
of β-strands, with four out of five
conserved cysteines positioned in
loops. Using individual sequences
with this domain as queries, PSI-
BLAST provided support for
distant similarity with atypical L-
domains described above. For
example, using T11F1.8 (residues
80–187) as query, PSI-BLAST
detected L-domains of C30G4.6
(residues 31–110; E=1 × 10−5) and
R03G5.3 (residues 67–149; E=4 ×
10−3) after only one iteration.
Domain architecture analysis of
a representative set of identified
proteins is summarized in Figure
2. Two independent, hidden
Markov model-based methods
[17,18] for topology prediction of
transmembrane proteins strongly
agree that all nematode-specific
insulin receptor-like proteins are
extracellular, therefore confirming
their functional similarity with α
chains of mammalian insulin
receptors. Most proteins have a
single transmembrane region at
the amino terminus, which is
predicted to be a part of the
signal peptide [18]. In cases
where multiple transmembrane
regions are predicted, the
topology is such that receptor
domains are still positioned
outside (Figure 2).
What might be the function of
this family of proteins in C.
elegans? As L-domains represent
a subfamily of leucine-rich repeats
[19], they could be involved in a
number of protein–protein or
protein–ligand interactions.
However, the presence of the Cys-
rich domain variant, though shorter
than in most ectopic receptor
domains, and their predicted
extracellular localization strongly
suggest that these proteins are in a
general class of receptors,
especially because they lack any
other domain that would place
their function in a different context.
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(A) Multiple alignment of insulin receptor-like domains. The PSI-BLAST searches [9] were
initiated with extracellular domains of insulin receptors and related RTKs (IRR_HUMAN,
residues 30–462; EGFR_HUMAN, residues 23–483; DAF-2, residues 146–628;
IG1R_HUMAN, residues 32–468) using the inclusion threshold of 0.001. Depending on the
starting sequence, but always after the first iteration, different C. elegans proteins were
found with E values ranging from 2 × 10-6 to 9 × 10-4. In reciprocal searches with newly
identified proteins, insulin receptors and related RTKs were typically recovered after the
first iteration. For example, K04F1.14 (residues 151–425) found EGFR_DROME (E=6 × 10–6),
ERB3_HUMAN (E=5 × 10−5), IRR_HUMAN (E=4 × 10−4) and many other RTKs. Gibbs sam-
pling [16] was used to create a gapless alignment of conserved regions in selected
sequences. Proteins are identified by GI numbers on the left and their common names
from PDB, Wormpep or SwissProt are shown at the end of the alignment. The first and last
residues of the aligned region are shown preceding the first block and following the last
block, respectively. The size of gaps between blocks is indicated by numbers in paren-
theses. Amino acids are colored according to their physico-chemical properties at 80%
threshold: dark blue, hydrophobic residues (ACFGHIKLMRTVWY); light blue, aromatic
residues (FHWY); green, aliphatic residues (ILV); red, polar residues (CDEHKNQRST);
purple, small residues (ACDGNPSTV); gold, charged residues (DEHKR). Individual residues
with more than 90% identity across the whole alignment are highlighted in yellow. Sec-
ondary structure elements (cylinders for α-helices and arrows for β-strands) beneath the
alignment are from the crystal structure of the IGF-R1 ectopic domain (PDB code 1igr; see
Figure 2 of [10]). Positions of conserved cysteines that participate in disulfide bond for-
mation are marked by blue circles. The L1 domain of IGF-R1 coincides with the first four
blocks of the alignment, with the remaining blocks being part of the L2 domain. Note that
IGF-R1 and related proteins contain the large insertion between the fourth and fifth block,
corresponding to the furin-like Cys-rich domain, while nematode-specific receptors have
a shorter domain there with only two conserved cysteines.
(B) Multiple alignment of the second conserved domain found in the subset of nema-
tode-specific insulin receptor-like proteins.
A hidden Markov model [21], trained with conserved motifs found by Gibbs sampling
[16], was used to construct the alignment; slight adjustments were introduced manu-
ally. The residues were shaded using the same procedure as in (A). Predicted sec-
ondary structure [11] of this domain is shown below the sequences. Complete
alignments of both domains in this figure are provided as Supplementary material.
I propose the involvement of these
proteins in insulin signaling based
on several considerations. First,
many of the genes are clustered
and are clearly products of recent
duplications, which might have
been favored during evolution to
balance out the rapidly increasing
number of insulin-like proteins [8].
Second, the large number of
insulin-like receptors and their
putative ligands [8] in combination
with presumably controlled spatial
and temporal patterns of their
expression provides the means for
distinct cellular responses to
environmental stimuli. For
example, it was shown that
selective restoration of DAF-2
signaling only in neurons is
sufficient for normal longevity,
while DAF-2 pathway in muscles
rescued only metabolic defects but
did not bring the life-span to
normal [20]. These tissue-specific
responses could be mediated
upstream from DAF-2 by
combining different insulin-like
ligands with the receptors
identified in this work. Third, some
of these receptors may antagonize
the DAF-2 receptor, depending on
their ligands or oligomerization
status. Finally, a fraction of these
receptors could be part of
signaling pathways involving RTKs
other than DAF-2, and some of
them may be conceptual
translations of pseudogenes that
are not expressed. In conclusion, a
new family of putative insulin
receptor-like proteins should
provide a good starting point for
future experiments aimed at
understanding the complexity of
signaling networks in C. elegans.
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Figure 2. Domain architecture of typical RTKs and representative insulin receptor-like
proteins specific to C. elegans.
Domain boundaries were determined by comparing the proteins to publicly available and
custom-made hidden Markov models [14,21]. Known RTKs are shown only for general
comparison with proteins identified in this study. Protein names are from SwissProt or
Wormpep. Domain assignments are as follows: CEL, a tandem repeat of L-domains
shown in Figure 1a (in some proteins from this family the CELa domain is inserted within
this repeat); CELa, CEL-associated domain (Figure 1B); TM, hidden Markov model-pre-
dicted transmembrane helices [17]; SIG, transmembrane regions predicted to be part of
the cleaved signal peptide [18]; L, an individual L-domain; FUR, furine-like Cys-rich
repeats; Fn3, fibronectin type III domain; PTK, protein tyrosine kinase domain.
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